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CHAPTER 1. INTRODUCTION
**Where no oxen are, the manger Is clean,
But much Increase comes by the strength of the ox." (Proverbs 14:4)
The same thing might be said today about the beef animal. If there
were no beef lots there would not be any pollution from them. But who
wants to do without the strength of beef on the table?
Beef production in the United States is big business. In 1977 about
56.6 million head of beef animals were produced. This amounts to about
20.7 billion dollars of gross income. In Iowa, the second largest beef
producing state, 4.5 million head were produced which gave the farmers
1.8 billion dollars of gross income (United States Department of Agri
culture, 1978).
There has also been a movement away from small beef feedlots to
larger more efficient lots. A feedlot that has a capacity of more than
1000 head is not at all uncommon.
Miner et al. (1966) showed that the wastes coming from a feedlot
were greatest during low rainfall intensity, warm weather and when the
manure had been made soluble by having been soaked in water. Also, con
crete lots had higher pollutant levels than non-surfaced lots.
The exact amount of pollutants that a feedlot can produce is not
well-defined. If there is immediate runoff from the feedlot, one beef
animal would pollute as much as 10 people, although this is very rarely
the case. In practice the manure stays on the feedlot for several hours,
and sometimes for days, before it is dislodged by runoff. During that
time much of the nitrogen dissipates into the air as ammonia and the
chemical oxygen demand (COD) is reduced greatly. Although the organic
matter in the runoff is much less than that in the manure, feedlot runoff
must not be allowed to enter a body of clean water.
Although open feedlots produce more beef than any other system, more
stringent regulation of pollution has initiated some movement towards
keeping beef animals in roofed buildings. Manure from a roofed building
can be handled at will by the operator and is not subject to the power
of the weather. Another benefit occurring from housing the animals is
that the manure decomposition can be controlled to some extent by trans
porting it rapidly from the animal.
Another problem that today's beef producer is encountering is the
rising price and shortage of energy. It is a common practice for muni
cipal waste disposal plants to use an anaerobic digester to treat part
of the wastes that go through the plant. In many cases this digester
will produce enough gas to power all of the pumping, lighting, and heat
ing needs of the complete sewage disposal plant. An anaerobic digester
on the farm may be able to produce considerable energy.
Anaerobic digestion shows promise in dealing with waste handling
and pollution control problems as well as in producing some energy that
could be used on the farm. Exactly how economical this will be depends
partially on what the mixing energies and heat transfer requirements are.
3
Hein et al. (1977) made energy estimates for a 283 m digester. He
3 3estimated that the energy output would range from 325 W/m to 375W/m net
3
energy production. Energy input ranged from 120 W/m in the winter to
76 W/m in the summer. Mixing power was constant at 26 W/m^ and heating
was the largest power input, 87 - 47 W/m^. Proper design will
reduce mixing and heating energy demands and allow more net energy to be
used.
CHAPTER 2. REVIEW OF LITERATURE
Louis H. Mouras developed the first unit, a septic tank, to treat
settled solids. He observed that solids kept in a closed vault were con
verted to a liquid state. Donald Cameron later recognized that methane
was produced when sewage solids were liquified. Cameron built a septic
tank for the city of Exeter, England, in 1895. The gas was than used for
lighting in the vicinity of the plant. In 1904 the Imhoff tank was
developed by Dr. Karl Imhoff in Germany. The Imhoff tank has a sedimen
tation chamber and digestion is accomplished in the lower coinpartment.
Settling solids pass through trapped slots into the unheated lower com
partment (Metcalf and Eddy, Inc., 1972).
As the overall sophistication of wastewater treatment plants in
creased, sludge stabilization or digestion was set aside as a separate
process. Initially, digesters were simply closed tanks into which sludge
was pumped and stored for periods of 30 to 120 days (Schroeder, 1977).
Van Kleeck (1950) supported the idea of these septic tanks. He
stressed operating these tanks in parallel. After a period of solids
accumulation for 3 to 4 months, one series of tanks could be shut off and
their contents allowed to digest undisturbed while other parallel units
are in service. Then with proper cleaning and sludge removal Van Kleeck
maintained that for small applications, a septic tank was a simple and
adequate method of solids treatment in small sewage control applications.
3 3
Unheated digestion tanks require about 0.1 m (3.5 ft ) per capita,
which is very similar to septic tanks. However, they need a more quali
fied operator. These tanks usually operated with less odor than Imhoff
tanks (Van Kleeck, 1950).
Van Kleeck stated that one of the main advantages of heated diges
ters is the reducing of odor problems. He also reported that slow
stirring mechanisms actually worked better than rapid mechanical stirrers
for control of the scum layer.
Tests on digesting agricultural wastes from chickens and dairy
animals were performed by Samuel Hart. Hart (1963) reported that these
wastes can be digested, and that many of the waste properties are some
what similar to those of domestic sewage sludge, including even the same
digestive ills. But some characteristics do differ from domestic sludge.
There are also differences in the wastes from different types of farm
animals.
One difference that Hart (1963) found was in the percent volatile
solids removed. The cow removes or converts most of the digestible
nutrients, leaving the ash and inert organic matter. The latter are as
little attacked by the anaerobic bacteria of a sludge digester as they
are by the anaerobic bacteria within the cow*s rumen. Therefore, the
percent volatile solids removed will be less.
He also found that there was no nitrogen loss from a digester even
with the high nitrogen content of the chicken wastes. Even though there
are differences in the wastes; the operational parameters of pH, alka
linity, volatile acids and the effect of temperature follow those
expected for municipal sludge digestion.
Because of these similarities, experience of civil engineers can
be used in designing a farm digester, but a new set of problems is
likely to exist.
Greene (1951) reported that the following heating systems could be
used for municipal plants. He said that steam could be directly intro
duced, but it required softening of the water and considerable attention
to the water or steam injection. In thermophilic digestion this method
shows more promise since it is a very direct method of heating to a
higher temperature.
He also said an injector type heater could be used but the effi
ciency was very low. This system consisted of pumping either the raw
sewage or sludge through a heating chamber where the flowing sludge would
draw in the hot gases, but it was difficult to make the sludge flow fast
enough to adequately draw in the heat and combustion gases.
Green also reported that steam coils could be used in some sort of
preheater. This system did not gain approval due to odors, pumping
difficulties, sludge caking on steam coils and excessive time and labor.
Passing sludge through steam caused caking problems also.
Heating coils used in the tank with hot water circulating in them
is another alternative. Greene stated that a properly designed coil with
adequate surface area is a satisfactory heating method. But if the area
is lacking due to higher solids concentrations, this results in less heat
transferred per square foot of heating coil surface area. Then, if the
water temperature is increased to transfer more heat into the digester,
caking is likely to result.
Although heating coils can give a very satisfactory operation,
Greene gives some reasons why municipal plants moved away from this
heating system. He said that even if the coils are kept below 60® C
(140° F) caking may in some instances occur. The heating coils may also
develop leaks, and due to their location, fixing them will be very diffi
cult. Shutting down the digester to make the repairs may have very
serious effects on the total operation of the plant.
Due to the above problems,many digesters now have external heat
exchangers. All operating parts are outside the digester where cleaning
and repairs can be made easily. This type of heat exchanger could have
the sludge pumped through a hot water bath or both the hot water and
sludge could be pumped. Though the external heat exchangers are more
expensive and complicated, Greene believes that they are the best answer
to the weaknesses inherent in the heating coil system.
Baffa (1950) gives a method of evaluating heat transfer coefficients
He states that such a method is important for determining if cleaning of
the unit is necessaty.
Miles (1948) showed that sludge has about the same specific heat as
water, a slightly greater thermal conductivity, and a very low heat
transfer coefficient. Therefore,to be more efficient we need to increase
that coefficient.
Langdon (1944) reported that the overall heat transfer coefficient
2
ranged from 56 - 170 W/m -K. Langdon reviewed data from eight treatment
2
plants and recommended a value of 113 W/m -K for most design situations.
To help solve caking or incrustation problems on the coil, proper
water temperature and coil positioning were recommended by Bacon (1944).
Proper temperature should be about 54®C coming into the heating coil and
have about a 11®C temperature drop in the coil. Bacon also recommended
that coils be located about 0.9 m (3 ft) from tank walls. This promotes
natural convection which increases coil efficiency, and if there is more
movement of the sludge, caking is reduced.
The outside coefficients were found by Queer (1933) to range from
2 2
about 68 W/m -K in thick sludge to 142 W/m -K in a thinner actively
digesting sludge. He reported that supernatant would range from 370 to
425 W/m^-K.
Walraven (1935) found the overall coefficient of heat transfer to
be 62 w/m^-K (11 B/hr-ft^-F°) for sludge of 12 percent solids. In a
2
thin supernatant he found the heat transfer coefficient to be 221 If/m -K.
Enloe (1959) reported that silt, grit and dead sludge build up in
various areas of the digester. In the case of mixing digesters this
area is around the base of mixing shafts and around the outside area of
the tank. Also a scum layer will occur at the surface but is broken up
in areas immediately adjacent to the mixers. This leaves a "heart" of
high rate digestion. He concluded that the use of newly designed, non-
clogging mechanical stirrers, together with properly shaped digester
bottoms, will result in much improved digester operation.
The Jamaica Pollution Control Project in the Borough of Queens in
New York City modified two of their digesters to use down-draft tube
mixers. Nash and Chasick (1960) showed that with the use of this type
3
of mixing system the design capacity was reduced from 0.08 m /cap to
3
0.014 m /cap. This was because of a 70 percent tank utilization as com
pared to a completely efficient pilot digester.
Richard Dague (1968) states that the main purpose of mixing is to
provide actual contact of the bacteria with the food. Some natural
mixing does occur as gas tends to "pocket" in the sludge of the digester
with the accumulation being released occasionally, resulting in a "boil"
and some mixing. However, the best form of mixing is with mechanical
agitation. In addition to the bacteria to food contact ratio, complete
mixing provides a uniform environment throughout the digester contents.
It is probable that the major causes of digestion system failure in
most plants are extreme loads, poor mixing, and poor temperature control,
and that of these mixing is the most important. The mixing, by bringing
the proper substrate and organisms into intimate contact and dissipating
the toxic digestion products bears most heavily on the methane producing
reaction (WPCF, 1968).
Lynam, McDonnell and Krup (1967) reported very adequate mixing with
two types of gas mixing systems. One system was a diffuser system with
0.95 cm diffuser outlets in a 7.6 cm gas manifold arrangement. The
other system was a Pearth gas recirculating system. The Pearth system
consisted of 6 discharge pipes. One pipe was in the center and the other
5 located at different radii around the tank. Instead of pumping to all
of the pipes at the same time, only one pipe was used at a time. A timer
then sequentially operated each pipe. With any loss of gas pressure the
diffuser system would clog, but no problems existed with the Pearth sys
tem. Because of possible clogging problems, and since the Pearth design
was easier to clean and maintain, it was considered to be the better
system.
10
Waste Properties
Dick and Ewing (1967) concluded that activated sludge was thixo-
tropic in nature, meaning that the floe structure would break down when
subjected to shear stress. They could not accurately determine if it
had plastic or pseudoplastic properties. Hatfield (1938), using a
Storiner viscometer, came to the conclusion that digested sludges were
pseudoplastic and thixotropic in nature. Hatfield also found that the
sludges vary in viscosity when they are of higher solids. He found
apparent viscosity to vary from 2500 cP at low shear rates and 8,87
percent solids to 4.2 cP at higher shear rates and 1.28 percent solids.
Hashimoto and Chen (1976) reported relationships between the percent
solids and viscosity. They also reported that the floe volume fraction
index has an effect on the viscosity.
The floe volume fraction index indicates the percent of the volume
that is contained in groups of floe. Floe are cells of bacteria that
tend to hold together. There were differences between dairy, poultry,
and swine wastes, but one could say that K, the rheological consistency
index, ranged from 1 Pa.s" at 60% floe volume index to 0.03 Pa.s" with
20% floe volume index. The rheological behavior index, n, varied from
about 0.7 to 0.4. The 0.7 was with 20% and 0.4 with 60% floe volume
index.
Heat Transfer
Heat transfer can be defined as the process by which energy trans
port takes place. Heat is transported in several ways.
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The first of these is radiation* This will always occur between two
bodies of different heat temperatures. Sometimes this radiation will
appear as visible light, but usually the radiation will be of longer wave
lengths and not visible to the human eye. The radiant energy yielded by
a black body can be calculated from:
4
q = aA- T.
^r 11
where
T^ is the absolute temperature
is the radiating area
The radiant heat transfer from a black body at T^ in an environment at
T^ is given by;
- t/)
where
T^ is the surface temperature of the enclosure
Since a is relatively small, the heat transfer by radiation is small over
normal temperature differences (Kreith, 1973).
Another method of heat transfer is by conduction. Conduction is a
process by which heat flows from a region of higher temperature to a
region of lower temperature within a medium (solid, liquid, or gaseous)
or between different media in direct physical contact. Conduction is the
only mechanism by which heat can flow in opaque solids. Conduction is
also important in fluids, but in non-solid media it is usually combined
with convection, and in some cases with radiation also (Kreith, 1973).
Convection is the last way in which heat can be transferred. Con
vection is a process of energy transport by the combined action of heat
12
conduction, energy storage, and mixing motion. Convection is the most
important mechanism of energy transfer between a solid and a liquid or
a gas (Kreith, 1973).
In most heat transfer situations a combination of all three of these
mechanisms will transport the heat. In the case of heating colls in a
digester or heat exchanger,the most important of these is convective
transfer,as will be shown later. Heat transfer can be expressed in the
same form as electric flow, where current is analagous to heat flow,
voltage is analagous to temperature difference and resistance represents
either conductive, emissive, or convective heat transfer coefficient.
So heat flow, q, could be expressed by
ATq = ^ = UMI
where
SR is the resistance offered by conductance, surface convective
characteristics and radiation (Kreith, 1973).
For either an in tank coil heating system or an external heat ex
changer, a surface coefficient for the inside of the heat exchanger must
be calculated.
In any fluid flow over a surface, the two main transport mechanisms
that determine the heat flow are conduction and mass flow or mixing
action. As the fluid flows over a surface,the surface tension will hold
a layer of fluid on the surface. The slower that fluid is being forced
over the surface, the thicker will be this boundary layer (Figure 2-1).
As the velocity of the fluid becomes greater, the boundary layer will
become thinner. Over the boundary layer, the main mode of heat transfer
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is conduction, which is considerably slower than transferring heat by
mass transfer. When the flow increases to the turbulent range, the
mixing action is very strong and carries heat away from the surface. As
the flow becomes more turbulent the laminar sublayer becomes thinner
because the turbulence is eroding the layer more.
Heat flow from a surface to a liquid can be expressed by the
equation:
q = Ah (T - T )
^ c s "
where
h is the average convective heat transfer coefficient
o
A is the surface area
is the surface temperature
A dimensional analysis procedure can be used and a group of terms
or dimensionless groups can be determined. In determining the convec
tive heat transfer coefficient, three terras are generally considered to
be sufficient. They are called the Nusselt number, Reynolds number and
Prandtl number. The Nusselt number, Nu, has the convective heat transfer
coefficient expressed in it:
h^D
Nu k
The Reynolds number. Re, describes the type of fluid flow or flow
patterns:
N
Re u
The Prandtl number, Pr, can be expressed then as:
N,
Pr k
15
These three variables can then be expressed as
to correlate data from different experiments (Kreith, 1973).
Many different researchers have developed empirical relationships
in laminar and turbulent compressible and incompressible flows over
different shapes and lengths of surfaces. But generally they get very
good agreement when they are describing the same type of flow (Kreith,
1973).
Kreith (1973) summarizes some of these empirical relationsips. In
a long duct, liquids and gases in turbulent flow (Re > 6000, Pr > 0,7)
is denoted by:
which is useful in estimating heat transfer through pipes.
Nagata et al. (1975) showed that developing an equation to estimate
heat transfer of coils in a vessel involves many dimensionless
terms. He suggests that
^ =f (4^) . ,(^) .(d_) . .(|_) . ^ _(B) ^
are the dimensionless terms to be considered. However other researchers
have concluded that this relationship can be simplified to various
degrees. Table 2-1 gives a summary of the correlations.
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Mixing and Power Consumption
Mixing can be called complete when the concentration of some subs
tance or property has the same concentration in all parts of the vessel.
Nagataet al. (1975) list soine of the ways that gave been used to establish
if adequate mixing is taking place. They say that an electrolyte tracer
can be injected and by using a probe, concentration can be measured.
Also by introducing a warm liquid, temperatures can be measured. The
third method is by injecting a dye solution and observing it by eye,
photographs, or by a detector comprised of a photoelectric converter.
A decolorizing agent can be used in a dyed liquid and then the state of
decolorizatlon is traced. The last method that they mention is the
Schlieren method which is a technique to trace the uniformity of solute
concentration by measuring the difference in refraction index.
There are a variety of paddles used in mixers. Space will not be
taken to explain all of the different paddle configurations, because the
number of types of paddles is only limited by one's imagination, although
there are some general classifications.
Two classifications are turbine and paddle agitators. They can,
upon a casual observation, appear to be the same, but there is a very
small difference. A paddle mixer has a solid, full width paddle, whereas
a turbine mixer will have the paddles connected to the shaft by a horizon
tal plate that divides the flow . Since the outside areas of the paddle
actually do most of the mixing there is very little difference in power
consumption in the turbulent mixing zone. Other major types are the
propeller, gate type, paddler, ribbon and screw mixers. The screw and
18
propeller mixers are often used with draft tubes so that the fluid on the
bottom can be carried to the top or bottom before being mixed completely.
Some of these are also more applicable to high viscosity fluids than
others. Examples of these are the ribbon, paddler, gate and screw type
mixers (Nagata et al., 1975).
There are two dimensionless terms that are used to determine the
amount of power consumed. They are the Reynolds number and the Power
number, N . Curves or sometimes mathematical relationships are corre-
P
lated for different types and dimensions of mixers. Reynolds number in
its general form is expressed as:
where
d = mixer or paddle diameter
0 = mixer or paddle speed
p = density of fluid being mixed
y = viscosity
Nagata etal. (1975) outline a few basic principles that apply to the
power output of paddle and turbine mixers. Their first observation is that
power output of a paddle will be about the same at whatever height it is,
although if it is at less than 10 percent of the depth or at greater than
90% of the depth there will be a major difference in power consumption.
Nagata et al. also concluded that the distance between two impellers has
little effect on the power consumption. Also a paddle of double width
is equal to the power consumed by two paddles of an arbitrary height.
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Similarly, a four bladed paddle will have the same power requirement as
two bladed paddle of double width. As a result, in concentric agitation
in the same vessel, power consumed by impellers having equal diameters
and pitch angles is the same, if the paddle depth multiplied by the
number of paddles is a constant. This is true except in baffled vessels.
Nagata also concluded that a six bladed turbine of standard dimensions
proposed by Rushton will consume the same power as a paddle with the same
number, depth and diameter of paddles.
Calderbank and Moo-Young (1959) studied a 2 bladed paddle, 6 bladed
turbine, 3 bladed marine propeller and a 4 bladed marine propeller.
They plotted Power number versus Reynolds number in non-Newtonian fluids.
Zweitering (1958) developed this equation for power to suspend
solids:
_0.39„3, ^ ,1.5 0.5 0.5 „ .
B D (g p,) X -ao ^ ^ -
p ± . s . ^Dv3a-3 V
^0.5 ^ 0.35, ^ ,0.35 „0.15^.45M''
Pg Pi ®
where
B = percent solids
X = particle size, m
d » paddle diameter, m
2
V =i kinematic viscosity, m /s
3
p = specific density, kg/m
D - tank diameter, m
a = 1.3 for paddles, 1.5 for turbines
2
g = gravitational constant, m/a
P = power, W
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CHAPTER 3» OBJECTIVES
A need can be seen for determining heat transfer coefficients and
power consumption relationships. These two quantities can be very
helpful in future design work. Therefore, the following objectives
were made:
1, To determine overall and convective heat transfer coefficients
of polyethylene pipe on digesting beef manure.
2. To determine mixing rates and power consumption relationships.
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CHAPTER 4. DESCRIPTION OF EXPERIMENTAL COMPONENTS
General System
Construction of the digester began in the summer of 1977, Figure
4-1 shows the digester as constructed. The main tank is 0.80 m in diam
eter and 1.22 m high. The walls are 3.1 mm thick. A drain was installed
on the bottom and influent and effluent ports were installed on the sides.
A two bladed paddle of half the diameter of the tank was used to stir the
digester (Figure 4-2). Hot water was circulated through 8 m of 199 mm
polyethylene pipe to heat the digester (Figure 4-3). A gas line was
tapped into the top to collect the gas. Figure 4-4 is a diagram showing
the digester system construction.
The digester was well-insulated to minimize heat loss. Technifoam
insulation (R = 3.2x10^ K/Wm) was cut in strips of about 0.12 to 0.20
m in width. Three layers of 25 nmi thick strips were strapped on the
side wall of the digester. Two layers were also fastened to the bottom.
The top of the digester was bolted on to a flange around the top of
the digester. Also, a plexiglass window was put in the top so that the
scum layer could be observed. Both of these connections proved to be
very troublesome in making a gas-tight top. The top plate and flange
had severe warps in them. A gasket that is commonly used to seal refrig
erator doors was used in this joint. This successfully sealed except
where the two ends of the gasket butted together. Also, the bolt holes
leaked, but these gas leaks were plugged with silicone rubber caulking.
Very similar problems also existed with the plexiglass window.
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Figure 4-2. Mixing paddle during construction
c
Figure 4-3. Heating pipe coil exiting and entering during
construction
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Mixing System
The paddle is the center of the mixing system. The paddle used had
a diameter one half the diameter of the tank and a height of one fifth of
the tank diameter. The diameter of the paddle was 0.381 m and its height
was 0.16 m. A two bladed paddle was used to reduce the torque on the
shaft and allow mixing at higher speeds. By mixing at higher speeds, use
of a gearbox or countershaft arrangement was avoided.
Almost as important as the paddle, are the baffles on the side wall.
The most common configuration for baffles, and the configuration used in
this digester, is to use four baffles equally spaced around the side
walls. The baffle width is one tenth of the tank diameter, or 0.08 m.
The baffles are installed to develop a more complete mixing action. If
there are no baffles, the paddle creates only a swirling action. Although
this will suspend solid particles, it will do very little to move solid
particles upward in the digester. In a baffled tank the paddles throw
the liquid and suspended solids against the baffles. About half of these
solids are deflected up the baffle and create vortexes. The other half
moves downward and entrains more solids (Figure 4-5).
A variable speed drive was needed to permit mixing at selected
speeds. An SCR controlled variable speed drive was beyond the project
budget, so a much less expensive variable speed drill was considered.
Since the mixer was scheduled to run only about 5 minutes in an hour, it
seemed that the drill would have a reasonable life. Consequently, a 9.5
mm (3/8") variable speed drill was purchased.
The drill was Installed with a 3 to 1 belt speed reduction to the
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Figure 4-5, Vortex schematic
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mixer shaft. An outboard bearing was installed on the shaft chucked to
the drill to relieve the load on the drill's bearing. The drill proved to
have enough power, but it would get very warm. To correct this problem,
a very small fan was installed to blow air over the drill housing. This
extra cooling capacity kept the temperature of the drill at a reasonable
level.
The drill had a variable speed trigger, but it was very difficult to
get repeatable results. An inexpensive electronic speed controller for
universal motors was purchased, very similar to the trigger speed con
trollers, but it was found that a certain speed setting with this con
troller would always give a more consistent speed.
This system worked fairly well for the initial heat transfer and
mixing test with water. The mixing paddle could be run continuously at
slow speeds below 60 rpm» but at faster speeds it could only be run inter
mittently. This made the taking of data a very slow process.
After completing the mixing and heating studies with water, the
digester was moved to the Iowa State University Ruminant Nutrition Farm
in the late fall of 1978. To facilitate testing, a more expensive motor
that could be run continuously was purchased. This was a 0.56 kW (3/4 HP)
variable speed DC motor (Figure 4-6). It has a control unit that takes
115 V AC power and converts it to DC. A motor with this type of SCR
control will develop its maximum torque at any speed. The maximum torque
of this motor is 2.1 N-m and maximum speed is 2500 rpm. Because of the
low torque output of the motor,a speed reduction is necessary to produce
the torque needed to mix the digester contents. To provide this torque.
i8
Figure 4-6. SCR controlLed DC motor as mounted on the digester
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34 mm and 301 mm pitch diameter sheaves were used. These gave an 8.8:1
speed reduction and sufficient torque to drive the mixer. The motor was
mounted on a turntable and the torque was determined by measuring the
spring force required for a given angular rotation of the turntable
(Figure 4-7).
Heating System
The heat source for the heating system consisted of a 114 1,, 2500 W
electric water heater. This size was based on availability and on the
estimated heat transfer capabilities of the heating coils. The thermo
stat on the heater was set at 60°C to prevent caking on the heating coils»
as is reported by Greene(1951) and other mlnicipal plant designers. Booram
et al. (1975) reported on the formation of crystals identified as
magnesium ammonium phosphate (MgNH^PO^• bH^O). They reported a decrease in
the amount of deposition on coil surfaces when plastic and polyethylene
pipe is used. There is no evidence that magnesium ammonium phosphate is
the first step in the caking that is reported in municipal plants. But
since polyethylene pipe is less susceptible to corrosion and the buildup
of magnesium ammonium phosphate, it seemed desirable to test the durability
of the polyethylene pipe.
It was considered that an adequate design parameter was that the
digester should be able to regain its operating temperature within 1.5 hr
after it is fed each day. The shortest hydraulic retention time under
consideration was 10 days. Therefore, the worst possible temperature
shock due to loading would be induced by feeding the digester one tenth
of its volume with O'C water.
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Figure 4-7. Angle scale and pointer for determination of
turntable rotation
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The digester's usable height is 0.96 m and its diameter is 0.80 m.
3
These dimensions make a total usable tank volume of 0.48 m . One tenth
of the volume is 48 liters to be heated from 0®C to 35®C, the operating
temperature of the digester. Assuming that the specific heat of the
manure slurry is the same as water, the required heating capacity can be
determined.
Heating rate:
Joules = J .48 1•Y^-OS-'C-O^C)
kg K
= 7,022,000 J (4-1)
Watts = 7,022,000 J x ^
1.5hr 3600 s
= 1300 W
The actual design of the heating coils involves many assumptions.
The following are the assumptions used:
1. Average temperature of the heating water is 54®C.
2. Temperature of the digester is 34®C.
3. The hot water flow rate is 3.8 L/min.
4. Nominal 1.9 cm (3/4") polyethylene pipe; O.D. = 2.4 cm, I.D. =»
2.1 cm,
5. Thermal conductivity of polyethylene pipe = 0.31 W/m-K . (average
of range reported by Abdalla (1972).
-26. Viscosity of the slurry, y - 1.53 x 10 Pa-s (w slurry is esti
mated to be twenty times y water).
7. Natural convection heat transfer on the outside of the coils.
3
8. Specific density, D, of the slurry is 1000 kg/m .
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9. Thermal conductivity, k, of the slurry is the same as water,
k = 0.64 W/ra-K.
10. The outside pipe wall temperature is 41®C.
The total length of pipe needed is then the main parameter to be
determined. Consequently,the resistance to heat flow out of the pipe per
meter of length must be calculated. There are three factors to be con
sidered: (1) the inside film coefficient, (2) the resistance to heat flow
through the actual pipe, and (3) the outside film coefficient.
To determine the Inside film coefficient, the Reynolds number for flow
in the pipe must be calculated,
\e = Ci-Z)
where p= 1000 kg/m^
V= 3.8 X 1 min 1 m^
y
min 60g lOOOL ^(o.021m)2/A
d = 0.021 m
A
VI = 4.66 X 10 Pa-s
_ (1000)(0,18)(0.021)
~ /AC4.66 X 10
= 8100
Knowing that the flow is turbulent and assuming the the pipe will be
long enough to be classified as a long duct, the equation:
Nnu= 0.02333 (4-3a)
from Kreith (1973) will allow calculation of the inside film coefficient.
%u= = 0.023 • (4-3b)
= 0.18 m/s
33
= hc(0'Q21)
0.64
= 0.023(8100)°*® • 3°'^^
tT = 1350 W/m^-K (4-3c)
The resistance of the pipe per meter can be calculated using:
In . r^/T^
\ = 2wkl
2 (0.31) (1)
= 0.068 K/W (4-4c)
According to McAdaras (1954), for a horizontal cylinder the general
equation:
=0.53(Ng^-Np^)^^^ (4-5)
is applicable for Prandtl numbers greater than 0.5 and Grashof numbers
3 9ranging from 10 to 10 . This equation permits calculation of the
outside film coefficient.
=p'^ eg-To.)
^ (1000)^(9.8)(3.66 X10"^)(41-34)(0.024)^
(1.53x10"^)^
= 13,200
Np,=^
k
= (4180) (1.53x10"^)
0.62
« 103
34
= 0.53(13,200 • 103)^^^ (4-7)
h D
= 18.1
hp = 467 W/m^-K
The final step is to combine the three factors, h« , R and h« •
^ P
to determine the total resistance to heat flow per meter of pipe length.
Rt = u + R + , (4-8)^ hc^A^ p hc^Ao
= (0.021 m)(lm)
= 0.066m^
A^ = (0.024 m)(lm)
= 0.075
1350(0.066) (467)90.075)
= 0.108 K/W
R
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(4-9)
0.108
- 180 w/m
The required heating was 1300 watts. Therefore,
130 W _ - «
180 W-/m " ' •2 ™
The center line of the heating coil is about 80 ncn from the outside
edge of the digester. This resulted in 2 m of pipe for each coil of the
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pipe. Three coils would make 6 ra of pipe. To ensure adequate heat trans
fer, 4 coils of pipe (8 m) were used.
A thermostat in the digester was set to turn on the circulating pump
when the temperature dropped below 34®C. The hot water heater kept the
water at about 60®C.
The first circulating pump used was a flying vane pump. Vanes glide
around an eccentric ring. The vanes, which are hinged at rotor sockets,
swing out to increase the size of the liquid chamber and create a reduced
pressure as they pass over the intake port, and they are pushed in to
decrease the size of the liquid chamber and force the liquid out as they
pass over the discharge port.
Eventually one of the four vanes broke. It was found that vane
breakage was a common problem with this pump and it was not worth repair
ing, As a replacement pump a centrifugal chemical magnetic drive pump
was purchased.
A centrifugal pump has to be continually primed. The pump was placed
below the water level and the water lines above the level of the pump were
airtight. With this system no difficulties in starting the pump were
experienced. Rubber hoses were clamped to the inlet and outlet pump
nipples. The flow rate of this pump was very close the the flow rate
required.
Data were taken in the summer and fall of 1978, Since the pump and
digester were outside, the pump was disconnected and drained. But
evidently some water remained in a small crack in which the water serves
to lubricate a bearing. The magnet portion of the impeller was then
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cracked. The parts were quickly ordered and delivered. Since that time
the pump has worked very well in actual operation of the digester.
At the hot water inlet and outlet of the digester,tee connections
were made. A cork with a glass thermometer was inserted in each tee
connection. These two thermometers then gave the temperature drop in the
heating coils.
A water meter was Installed in the cool side of the hot water line.
The meter is a disc type meter with a maximum operating temperature of
49®C. The scale is read in gallons to the tenths place, but in this
thesis flow rate in liters per minute or per hour will be used.
Feeding System
The digester feeding system consists of a platform scale with a tank
on it and a hand diaphragm pump. The scale has half pound increments.
The tank that rests on top is connected by flexible hosing to the dia
phragm pump. The digester is connected to the pump by 7.6 cm PVC pipe.
The PVC pipe is connected to the side of the digester about 30 cm from
the bottom.
Outlet System
As the slurry is pumped into the digester, slurry is forced out of
the digester through a U-tube. The U-tube is connected to the digester
about 0.16 m below the top of the liquid. The 76 mm PVC pipe then goes
up and forms a U with the bottom of the U about 0.1 m above the desired
liquid level (Figure 4-4). The gas system causes the gas to be under
about 0.1 mof water pressure. Therefore,the slurry is pushed up to the
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bottom of the U. After the effluent slurry is pushed through the U,it
falls into a holding tank which is a 37 L can. When the holding tank is
full, another hand diaphragm is used to pump the slurry outside into a
larger tank for later disposal. Flexible hose, 60 mm in diameter, is
used from the effluent pump to the outside tank.
Gas System
Gas collection occurs in the top of the digester. The top of the
digester is fixed in place and airtight. A pipe is welded to the top of
the digester; a piece of garden hose is attached to the pipe, and the hose
is further reduced to a section of tygon tube. The tygon tube feeds into
a piece of tubing that extends into an Erlenmeyer flask. The flask acts
as a condensate trap and the depth that the tubing extends into the flask
creates gas pressure in the digester. Another tube comes out the top of
the flask and feeds the wet test meter. The wet test meter has markings
to 0.283 L (1/100 ft ). The gas is then vented outside after it passes
through the wet test meter.
A tee is installed between the digester and the condensate trap.
This allows a line to go to the gas sampling apparatus. The gas sampling
tube has a stop cock in each end so that the gas can push out a confining
solution. This fluid is saturated sodium chloride, 5% sulfuric acid and
methyl orange for coloring. Such a solution has a very low pH and is
saturated so that carbon dioxide and other gases will not go into solu
tion.
A container was filled with the confining solution in the digester
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building. When a gas sample was to be taken, the gas sampling tube was
by gravity with the confining solution. Then a valve was opened
to let the gas push the confining solution back into the storage con
tainer.
Viscosity Apparatus
A Brookfield Synchro—Lectric Viscometer was used to determine the
rheological constants. An LV—1 spindle was the best spindle to use for
the type of fluids being used. The spindle was cylindrical with a radius
of 9.421 mm and length of 65.10 mm. The slurry was held in a 600 mL low-
form beaker during testing.
Sampling Apparatus
Sampling ports were installed at 0.203 m spacings on the height of
digester, starting at 0.056 m from the bottom. There are five ports, so
the top port is located 0.97 m from the bottom. Each port consists of a
38 mm ball valve and flange with an 0-ring so that a sampling tube may be
inserted into the digester (Figure 4-8). The brass sampling tube has a
plunger which can be pushed out to gather a sample and then pulled closed
when the sampling tube is pulled out from the digester (Figure 4-8),
This system worked well in gathering small samples from several locations
of the digester.
For sampling of the influent, a grain scoop was used to dip out a
small amount each day and pour it into a collection bottle of about 200
mL. The effluent was gathered by placing a collection bottle into the
effluent stream about midway through the loading cycle.
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Figure 4-8. Sampling tube and ball valve sampling apparatus
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CHAPTER 5. EXPERIMENTAL PROCEDURE
Corn Kernel Tests
The first set of tests was intended to establish a background for
evaluating the degree of mixing and to determine what mixing speeds would
adequately mix and suspend corn kernels in water. This portion of the
experimental work was performed in the Agricultural Engineering building.
The following experimental procedure was used;
1. The digester was filled to about the 0.1 m level with tap water.
2. Shelled corn was added until 5% of the digester contents was
corn by weight (23 kg).
3. The mixer was turned on to the desired speed and operated for one
minute before any samples were taken.
4. Six samples were taken at each of the five ports at about 0.1 m
from the outside edge of the digester.
5. Electric power to the mixing motor and the time for 20 revolu
tions of the mixing shaft were measured at least twice for each speed.
6. Specific gravity of the kernels taken in all samples was deter
mined by the following procedure:
a. weighing an empty 100 mL graduated cylinder
b. adding 50 g of corn to the cylinder
c. filling the cylinder to the 100 mL mark with water
d. weighing the cylinder again to determine the volume of water
assuming that the water has a specific gravity of 1.00
e. subtracting the volume of water from 100 to obtain the volume
of corn
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f. dividing the corn volume into the weight of corn yields the
specific gravity
The first corn added to the digester began spoiling within a week.
To inhibit spoilage, 100 g of mercuric chloride in solution was added.
This amount kept the corn from becoming very rank smelling.
The next step was to find a fluid that would be near to the specific
gravity and viscosity of manure. Manure had already been shown by Hashi
moto and Chen (1976) to be described as a Power Law fluid. Shear stress
and shear rate can be related by the equation:
»^*n
T = Ky
where
T = shear stress
Y « shear rate
K = rheological consistency index
n = rheological behavior index
If n is less than one, the fluid is called pseudoplastic (Nagata et al.,
1975), or sometimes a shear-thinning fluid (Vennard, 1975).
Carboxymethylcellulose (CMC) is described by Nagata and other
researchers as a chemical that can be mixed with water to make a pseudo-
plastic fluid. CMC sodium salt high in viscosity was ordered and cali
brated on 11 san5>les in the lab. This solution was not Newtonian, but the
n value was higher than desired. Preserving the CMC in the laboratory
test presented no problem, but in the digester it proved to be very
difficult.
Mercuric chloride was used initially to prevent the CMC from being
42
destroyed. Up to 500 g in the A83 L digester did not prevent microbial
action. Chloroform was tried next and it did not succeed. The chloro
form settled to the bottom and destroyed some of the PVC plumbing. Carbon
tetrachloride was tried with a new batch of corn and water, again with
no success. Then 3.8 L of formaldehyde were added, but the CMC was still
destroyed. Samples were taken to determine what concentration would be
safe. Even in the lab samples of 5 mL/L of formaldehyde, there was
gradual degradation of the CMC. At this concentration of formaldehyde
there was a definite formaldehyde smell, but some microbial activity was
still destroying the CMC. Samples were also tried with bleach. The
digester was again emptied, rinsed and cleaned with a bleach solution. It
was filled with new water and corn and tried with about 7.6 L of formal
dehyde. This solution always smelled of formaldehyde, but no effect was
ever seen from the CMC added. After spending the frustrating summer in
1978 doing this, this approach was abandoned and the digester was moved
to the Ruminant Nutrition farm for operation with beef manure.
Farm Operation
The drill mixing motor was removed from the digester and a 0.56 kW
variable speed DC SCR controlled motor was installed. After installation,
the digester was seeded on January 29, 1979.
About 190 L of digesting slurry was removed from the City of Ames
digester. This material was heated and tap water was added to fill the
digester. The next day, one tenth of the solids loading rate was added.
The next two days, the loading rate was increased to two tenths and three
tenths of the full loading rate. On February 2, the author became worried
A3
that the digester was not starting properly, since no gas was registered
by the meter and there was no gas pressure. On February 2 through 7, the
digester was loaded at half the solids rate and half the full water rate.
This was to keep alive any bacteria from the city plant in the digester.
During this period some gas leaks in the digester were repaired. By
February 8,it seemed that the digester was working properly, and it was
loaded at seven tenths of the solids rate and the full water loading rate.
The loading rate was increased by one tenth each day; on February 14, the
first full loading rate was used. The full loading rate was 34.5 kg of
water and 10.9 kg of freah manure, as collected in a bucket from the lot.
The digester was fed only on the five weekdays.
Some problems occurred before the digester arrived at an operating
equilibrium. On February 16 the condensate trap froze. This caused the
gas to push effluent out of the digester. This lowered the effluent below
the temperature probe. Since the probe was not in the slurry, it sensed
a colder temperature, causing the circulation pump to run, raising the
temperature above 38®C.
On February 17 the gas line froze and the gas forced out about one
fourth of the digester contents. The gas production dramatically dropped
because of the temperature fluctuation and the loss of much of the active
sludge. Until February 23 the gas production increased, but then it
began to drop. On February 28 the pH was checked and found to be 6.2.
On March 1, 2, 5 and 6 efforts were made to raise the pH by buffering the
influent with sodium hydroxide. This was successful and the gas produc
tion rose to 780 L per day on March 9.
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On March 10 some bitterly cold weather arrived and the gas line
froze again. About one fourth of the slurry was pushed out by the backed
up gas. The slurry temperature also rose to 45®C. From March 13 through
26 the digester was loaded at half the solids loading rate. On March 16
the digester was dosed with sodium hydroxide. The gas production rose,
but then began to fall again and on March 27 the loading rate was reduced
to 31 kg of water and 5.4 kg of manure. It was also learned that the
animals producing the manure being used in the digester were being fed
ruraensin. Rumensin is a feed additive used for beef animals to reduce
the bacterial action in the animal's rumen to save more of the feed value
for the animal. Rumensin may have been a major problem in restarting
the digester after the failure on March 10. From March 29 through April
6 the digester was buffered with NaOH, and again on April 10. By April
11 gas production regained its normal rate. Normal feeding of the
digester was resumed on April 11.
The digester worked fairly well for the next few weeks but gas pro
duction was not as high as expected. On May 7 and May 9 sodium hydroxide
was added. The gas production then increased by about 50%. The digester
continued to operate at about these conditions until the end of the test.
The apparent gas production did drop from time to time, but some of these
drops can be attributed to gas leaks.
Heat Transfer Tests
For each speed 10 replications of data were taken. To determine the
heat flow into the digester, three readings were taken. Water meter
readings were taken every 5 min. This allowed determination of an average
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flow rate. Temperatures of incoming hot water and the exiting hot water
were measured. Knowing the specific heat, mass flow rate and temperature
drop allows calculation of the heat flow rate into the digester. During
each 5 min interval, the time for 20 revolutions and the angle that the
torque caused the drive motor to mounting plate to rotate were recorded.
The digester temperature was taken at the end of the 5 min test. Ten five
min readings were taken for each speed. The Reynolds number for the mixer
and the heat transfer coefficients were calculated for each observation.
Results were averaged for each speed and the average will be referred to
as a single data point.
Heat transfer tests were begun on March 20. These tests were con
tinued on ftarch 21 and 23. Four mixer speeds, 0, 16, 26, and 57 rpm were
used.
Heat transfer and rheological data were usually collected on Tuesday
through Friday, as during the first week. Data were taken for the next
11 weeks, until early June.
During March 27 through 30, the mixer speeds were changed to 0, 16.7,
34.7, and 91.2 rpm. The next week the mixer was run at 6 speeds, 0, 6.6,
12.3, 22.6, 49.3 and 89.5 rpm.
At this time the data were examined. The overall heat transfer
coefficient was plotted against the mixer Reynolds number. Reynolds number
was plotted on a log scale and the overall heat transfer coefficient, U,
was plotted on a linear scale. Since it is impossible to plot the 0
Reynolds number, only three points could be plotted for each set of data.
With only three points, it seemed that one of these was usually "bad",
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but it was difficult to determine which point was bad. Consequently, for
the weeks after April 10, heat transfer data for 5 mixer speeds were
taken* This allowed plotting of four points, giving a much better indica
tion of the trend of the plot. After the tests of the week of April 10
it appeared that it might be advantageous to perform the tests in a random
order. This is because the temperatures would come to a point where they
were relatively stable. It was then quite possible to read a temperature
that was in error by one half of a degree. If three or four of these
readings were slightly in error, the calculated results could be in error
a significant amount. On the week of April 17, the experimental order
was randomized, and the results appeared to be more consistent. The pro
cedure for the rest of the tests remained the same, except the order of
heat transfer tests was randomized each week.
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CHAPTER 6. COMPUTATIONAL PROCEDURE
Rheological Constants
A pseudoplastic material is merely a material having a T vs. t
curve of the form
(0
0)
4J
cd
0)
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(0
Y - shear rate
Hashimoto and Chen (1975) have shown that many livestock waste slurries
can be described adequately by the common power-law relationship:
T = Kt"
where K and n are rheological characteristics. The pseudoplastic
nature of manure slurries requires that;
1 > n > 0
Both K and n are functions of the manure origin, biological residue and
solids content.
Rheological characteristics can be obtained with either a capillary
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or rotational viscometer, the latter was used in this study. Although
Krieger and Elrod (1953) and Kreiger and Maron (1954) have shovm that
the cylindrical viscometer can be used to determine the form of Y = f(T)
for any time-independent fluid, the procedure is very complex. Fortu
nately, an assumption of power-law behavior allows considerable simpli
fication of the mathematical relations. Consider a common form of
viscometer in which the cylinder is at rest and the bob is rotated at SI.
If
Y= (T/k) '^" = f(T)
is substituted into the general relationship for a rotational viscometer
(derived in Appendix A), then
/ ^ doi = -1/2 f ^ dT [6-1]
becomes
/O d. =-1/2 7' [6.2J
S2 -T^
The negative signs on and are required because and will be
substituted in as positive numerical values. The rotation of the bob
chosen leads to a reversal of direction of T from that shown in Appendix
A. The relation between r, and T developed in Appendix A shows that!
X = -I- 11 27rL • 7^
T = -I- 1
2 2TrL •
or
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It is common practice to use the symbol, s -
relation between Q and T from equation 6-2 becomes:
„ , nOzT^ Tl/n [6-4]
2Kl/n
Recasting this to conform with the convention that T is the ordinate and
Y is the abscissa on a graph of T vs. gives:
.__l/n n
T = Si" t6-5]^hoh ^ f. -2/n/
n(l-s )
This expression shows that, if an assumption of power-law behavior is
justified, then a graph of
log T- vs. log Q
el e
will yield a straight line with a slope n and an intercept
log (
^ n(l-s-2^")
The results collected during the tests were analyzed on the computer.
First a linear regression of log T. vs. log ^ was obtained and from this
values of n and K were derived. The goodness of fit results of the
linear regression justified the assumption of power-law behavior.
The rotational viscometer used for the tests, a Brookfield model
LVF, set some limits on the range of Q and T that could be used. Shear
rate typically was in the range of 2 to 20 s
Reynolds Number
Reynolds number is typically calculated by the equation
= pVD
Re —
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When determining a Reynolds number in a mixing vessel, a slightly dif
ferent equation is used:
= d!ee
y
where
d = paddle diameter, m
0 = paddle speed, rps
3
p = specific density, kg/m
U = absolute viscosity, Pa.s
Since a beef-manure slurry is not a Newtonian fluid, y is not a constant
at all mixing speeds. Several authors such as Nagata et al. (1975) and
Calderbank and Moo-Young (1959) have developed empirical relationships
for determining average viscosity in a mixing tank. To determine an
average viscosity they first determined an average shear rate and then
used the power-law equation:
[6-6]
to determine the average viscosity. Equation 6-7 is then used to find
the k value.
s
^av = [6-7]
They found the values of k varied from 10 to 13 for paddle and turbine,
s
with 11 as the most common value.
Given the following values, the Reynolds number can be calculated.
0=1 rps
K = 0.0495 Pa.s""
n = 0.526
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p = 1000 kg/m^
d = 0.381 m
First the average shear rate, is calculated from equation 6-7.
= [6-8]
= 11/s
The average apparent viscosity is determined from equation 6-6.
"a = [6-6]
= 0.0495-(11)^®'^ ^^"^^
= 0.0159 Pa-s
Then the Reynolds number is calculated
^ReN„ =
= (0.38)^'(1)-(1000)
0.0159
= 9130 (fully developed turbulent flow)
Input Mixing Power
To determine the power input to any rotational mixing device, two
quantities must be measured. The first is the rotational velocity and
the second is the torque applied to the shaft. For the experimental
digester, the rotational velocity was measured by recording the time
required for the mixing shaft (torque shaft) to turn 20 revolutions. To
measure the output torque, the motor was mounted on a rotatable stand.
A spring was attached to restrain the stand from rotating. The amount
of spring extension or stand rotation is proportional to the motor
torque. This sytem did allow the power input to the mixer shaft to be
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measured without belt slip entering the calculations, but torque errors
from friction in the motor support bearings and at the mixer-shaft
bottom remained.
Figure 6-1 shows a diagram of the motor and spring arrangement for
torque measurement.
The law of cosines states that
c^ = r^ +d^ -2recosO [6-9]
This equation can then be used to determine the springes stretched
length.
2 2c ® /r +e - 2e f cos0 [6-10]
The perpendicular distance that the spring force is acting on the radius,
h, is also of importance. From the geometry of the system
h = (sin (i))-e [6-11]
(p can be calculated by using the law of cosines.
f = e H
solving for (f>
1 2 . 2 ^2j. -l,e + c - f s
* = ( 2ec ^
The spring rate was measured (Appendix B) and dimensions for the assembly
were calculated from estimated loads. The assembly was built and the
dimensions were more accurately measured. The dimensions of the spring
and assembly were as follows:
adjusted spring free length = 79.2 mm
spring rate = 0.397 N/mm
f = 117 mm
® = 244 mm
2 2 2+c - 2 e c cos [6-12]
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Figure 6-1. Torque meter geometry
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To find the torque corresponding to an angle of 20®, for example,
first use equation 6-10 to find the length of the spring.
c =/f^ + - 2e f cos 0 [6-10]
/2A4^ =117^ - 2.244-117-cos 20"
= 140 mm
The tension is then found by subtracting this distance from the spring
free length and multiplying by the spring rate
tension = (140-79.2) mm'0.397 N/mra
= 24.1 N
Next the radius at which the spring acts must be found. By combining
equation 6-11 and 6-13 the radius, h, can be found (equation 6-14).
2 2_ 2
h « e-sin (cos (-^— )) [6-14]
= 24.4-sin
= 70 mm
Torque, T, is the radius, h, multiplied by the spring tension.
T = 70 mm*24.1 N
- 1687, N*mm - 1.69 N*m
An equation for determining shaft power, in watts is:
P = TIttB [6-15]
where
P = power, W
T = torque, N*m
0 = shaft speed, rps
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Since the torque and shaft speed were measured on different shafts, the
torque was adjusted to the mixing shaft. From sheave dimensions
obtained from the sheave manufacturers, a torque Increase of 8.78 to 1
was calculated. Therefore, the shaft torque was 8.78 times the motor
torque. Power for this sample calculation from equation 6-15 Is
P = (1.69)(8.78)211(1)
«= 93 W
Power Number
The power number for fluid mixing Is defined as:
N P
P = [6-16]
P0 d^
where
P = power, W
3
p = fluid density, kg/m
9 = shaft speed, rps
d = paddle diameter, m
Using the power of 93 Wcalculated previously, the power number is:
93
N = ^
P (1000X1)^(0,381)^
= 11.6
Froude Number
The Froude number Is defined as:
M
= — [6-X7]
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where
9 = shaft speed, rps
d = paddle diameter, m
2
g = acceleration of gravity, m/s
Substituting in equation 6-17
^ ^ 1(0.381)
/(0.381)(9.8)
= 0.197
Overall Heat Transfer Coefficient
The overall heat transfer coefficient, U, is calculated using the
equation
— At
q - UAAT = [6-19]
where
q = heat flow rate, W
U= overall heat transfer coefficient, W/m '^K
A 2A = area, m
AT = log-mean temperature difference, LMTD, K
R = resistance to heat flow, K/W
The heating medium used was a 10% ethylene glycol solution which
changes the properties from water very slightly. The density is 1000
3
kg/m and the specific heat is 97% of the specific heat of water, 4.06
kJ/kg*K. The heat flow rate, q, is calculated using the heating fluid
flow rate and temperature drop,
q = C raAT
P
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where
Cp = 4.06 kJ/kg*K
m = heating fluid flow rate, kg/ntln
At = temperature drop, K
If the water meter showed an average flow rate of 5.3 L/min, the mass
flow rate would then be 5.3 kg/mln. The temperature drop, AT, is cal
culated from
AT = (55.5°C-51.1°C)
= 4.4 K
The heat flow for this exaii^>le is
q = C mAT
P
= (4.06)(5.30)(4.4)
= 94.7 kj/min
= 1600 W
Area Is calculated from the pipe dimensions. The pipe is coiled in
4, 0.64 mdiameter circles. The outside diameter of the pipe measured
24 mm and the inside diameter was 21 mm. Assuming that the pipe is a
long cylinder, the outside area can be calculated by:
Aq = [6-20]
« 11(0.024) (8)
- 0.603 m^
And the inside area
A^ = Tr(0.021)(8)
0.533 m^
The LMTD between the heating water and the manure slurry is defined
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by equation 6-21,
__ AT -AT
LMTD = AT — [6-21]
log^(AT^/ATb)
where
AT^= temperature difference at the inlet of the heat exchanger
AT^ = temperature difference at the outlet of the heat exchanger
In this example, the heating water temperature into the coils was 55.5®C
and the temperature going out was Sl.l^C. The digester temperature was
calculated as the average of the top and bottom digester temperatures,
35.6^^0.
^ = (55.5-35.6)(51.1-35.6)
^55.5-35.6,
^°®eSl.l-35.6>
= 17.6 K
Substituting q. A, and AT into equation 6-19 yields:
q = UAAT [6-19]
1600 = U(0.603)(17.6)
U= 150 W/m^*K (no mixing)
Surface Heat Transfer Coefficient
Two ways of calculating the outside surface heat transfer coef
ficient were considered. The first one was to determine the theoretical
resistance offered by the inside film and the pipe. These two resist
ances could then be subtracted from the total resistance to heat flow.
There is a serious problem with this method which the following example
demonstrates. Total heat flow can be expressed as:
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q=1^ [6-19]
R = T^-T- + R + ^h.A. p h A
i 1 ^ o o
i
2
h. can be shown to be about 1800 W/m "K, and h can be shown to be about
^ o
2
600 W/m 'K. Given these values, equation 4-4a can be used to calculate
the resistance of the pipe.
R . .
P ~ • [4-4a]
2 TT k 1
of r , k and 1 are fixed
o
dR = ^p 2tr k1 r^
divide by 4-4a
dR dr.
^^
In the example, r = 12 mm and r^ = 10.5 mm, so
o i *
dR dr
-^ = -7.5
R
P i
Therefore, a 1% error in measuring r^ will result in a 7.5% error in the
value attributed to R. It can also be noted from equation 6-22 that as
^ the error becomes much larger.
The total effect on the outside surface coefficient, h , is seen in
o
this example. The basic equation describing the resistance to heat flow
is:
1 L_ +!!!elVV , _1_U27rr^l h^2trr^l 2tt k 1 h^2wr^l [6-23]
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then
, ,1 .. ...
differentiating and dividing by equation 6-24 yields
dho dr^
K r-1 3^_ loge(ro/ri), r,
^Ur h.r. E ^ ^
o i i
If =0.012 m, r^ =0,0105 m, k=.31 W/m^-K, h^ =1800 h^
= 600 W/in^*K and U= 180 W/m '^K
_ -(0.0529 + 3.23) ^^i
h^ (0.463 - 0,0529 - 0.431)
dh dr.
^ = 157.-A
^ ^i
So a 1% change in inside radius will have a 157% effect on the outside
surface heat transfer characteristics.
The next method that is demonstrated is somewhat more reliable, but
still has some problems. It is based on an estimated R value of the
pipe in water, then using this value to determine the surface heat
transfer coefficient. Some additional factors must be considered to
take into account changes in operating conditions.
The calculated Uvalue from the water test was 150 W/m^-K, When
the digester was moved to the farm, the amount of external piping to the
heat exchanger was reduced. Since the centrifugal pump's flow rate is
highly sensitive to the pressure, the flow rate went up. Thus, it is
not a good assumption that the inside heat transfer coefficient is the
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same for all tests. The low flow rate was 4.A L/min and the high flow
rate was 5,2 L/mln. Kreith (1973) gives the relation
0.8 „ 0.33
"nu = \e • "Pr [6-26]
where
Re u
Np^ = 3 (from tables)
Reynolds number must next be calculated to find N^.
N
Re li
where
U= 0.466 X10 ^ Pa*s
p= 1000 kg/m^
„ flow rate .
V = , m/s
area *
for the high flow rate
IT - 5.3 L 1 min 1 1
h min ' 60 s ' 1000 L " Tr(0.021 m)^/4
~ 0.26 m/s
for the low flow rate
„ _ 4.4 L 1 min 1 m 1
1 " min ' 60 s ' 1000 L ' Tr(0.02l m)2/4
= 0.21 m/s
then calculate the Reynolds numbers:
= (1000 Wm^)(0.26 m/s) (0.021 m)
^ 0.466 X10"^ N-s/m^
= 11,700
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^ (1000 kg/m )(Q.21 m/s)(0.021 m)
^ 0.466 X10 ^ N's/m^
= 9,460
The inside surface coefficient for the high flow rate can be determined
from:
^ 0.023 [6-26,
h ^(0.021 m) „ „
0?64 W/ni-k - 0-023(11,700)°'Q
h , = 1800 W/m^-k
en
for the low flow rate
h ^dCO.Oai m) « ^
0?64 W/m-k =0.023(9,460)°'8 (3)°-^^
= 1500 W/m^-k
From equation 6-19 it is known that
q = UA-AT [6-27]
° UA~ [6-28]
o
Equation 4-8 states that
R= t:V- + R. + ^h.A. p h A
1 i o o
Equations 4-8 and 6-28 can be combined
1
' "Or - hTTT " ~hA [6-20]
UA " h,A, h A [6-29]
i i "d o
X- 1 1
~ h.A.o i i o o
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Combining equations 4-8 and 6-28 in a different way yields
^ ^ - R - t:V [6-27]h A UA^ p h.A^
o o o 1 i
If equations 6-30 and 6-31 are assumed to fit the water and manure heat
transfer data respectively, then equation 6-32 Is derived by combining
equations 6—30 and 6-31. R is assumed to be the same In each case, and
P
w and m subscripts are added to denote the respective equations.
1 . -1 I ^ r,
h A U A U A h. A, h A h A,
om o mo wo Iw 1 ow o Im 1
Multiply by A
o
^ = +A_ +JL_ A_ rg 33,U Uw ^ h. A^ ^ h h. A,
om m iw 1 ow im 1
The only unknown value on the right side of equation 6-33 is h . The
ow
Grashof number must first be obtained to calculate h . The Grashof
ow
number, represents the ratio of buoyant to viscous forces.
[6-34]
where
3
p = mass density, kg/m
2
g = acceleration of gravity, m/s
3 = temperature coefficient of volume expansion, 1/K
t = temperature of wall, ®C
t^ = temperature of bulk fluid, °C
L » characteristic dimension, m
y « absolute viscosity, N's/m
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and for 31®C water
p = 995 kg/m^
g - 9.8 m/s^
« = 3.2 X10~^ 1/K
t = 33°C
t„ = 29^0
CO
L = 0.024
U= 0.798 X10"^ N*s/ra^
solving equation 6-34 yields
N_ = 2.70 X 10^
Gr
(1973) gives equation 6-35 to calculate the surface coefficient,
h~
c
- '^'= 0.53(Gr-Pr) '^'^
K " (0-53)(2.70 X10^-5.13)^^^
= 470
The known values can then be substituted into equation 6-33
1 = _J: 1 , 0.603 1 0.603
h^^ 150 150 (1500X0.533) 471 (1800) (0.533)
h = 445 W/m '^K
om
This method gave more believable results, but the results are highly
dependent on the overall heat transfer coefficient of water.
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Nusselt Number
The Nusselt number is defined as:
Fd
\u =^ 16-18]
where
h^ = surface heat transfer coefficient, W/m^»k
dp - pipe diameter, m
k = fluid thermal conductivity, W/m-K
Substituting previously calculated values in equation 6-18
„ _ (445)(0.024)
Nu (0.64)
= 16.7
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CHAPTER 7. RESULTS AND DISCUSSION
The Overall Heat Transfer Coefficient
For digesting beef manure, the overall heat transfer coefficient,
2 2
U, ranged from 96 W/m *K, with no mixing, up to 223 W/m 'K with a
Reynolds number of 26,600. In water, the coefficients ranged from 143
7 2
W/m "K, with no mixing, up to 207 W/m 'K with a Reynolds number of
200,000.
Figure 7-1 shows the plot of U versus Reynolds number. This plot
gives a good representation of the relationship in the turbulent range
(N > -200; Nagataetal., 1975). The U value does rise in the 200 to 6000
Re
range, but-after this, the slope levels off. This characteristic is
obtained because the surface coefficient becomes a rather small part of
the total resistance to heat flow at high Reynolds numbers. Figure 7-2
shows the relationship of U versus revolutions per minute. As can be
seen, there is a large increase in U caused only by very slow mixing,
but much improvement is not seen with increased speed at the higher
mixing rates,
Abdalla (1972) found very similar values for polyethylene pipe in
2
water with no mixing. He found values from 56 to 157 W/m 'K, depending
upon the temperature, wall thickness, and thermal conductivity of the
pipe. The pipes that had dimensions similar to those used in this study
2
had an overall coefficient of about 140 W/m 'K. Abdalla found a large
range of values for pipes that had very similar dimensions. He found
that as the specific gravity increased, the thermal conductivity also
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Increased. He also found that as the temperature increased, the thermal
conductivity increased. Also, the wall thickness has a major effect on
the overall heat transfer coefficient. Considering the difficulties in
determining these three values, the overall heat transfer coefficients
found in this research are in good agreement with those of Abdalla.
2
Greene (1951) reported values of A9 to 176 W/m 'K for municipal
iron pipe exchangers; iron pipe had a higher U value due to its higher
thermal conductivity.
A difference was also noticed because there was a large variation
in the U value when there was no mixing. The lowest three values were
observed before the observations were completely randomized. If the top
8 observations were to be eliminated, the data would have less variation
and might more realistically reflect what actually happens. The data
indicate that the boundary layer's temperature profile did not reach
equilibrium in 5 min with no mixing. So, in designing a digester, a
2
lower value around 100 W/m 'K would seem more representative than the
2
value of 125 W/m 'K, which is indicated by the randomized observations.
Another consideration is the wall thickness of the pipe. The wall
thicknesses of Abdalla's pipes ranged from 1.65 mm to 3.12 mm with a
specific gravity of 0.958. The overall heat transfer coefficient then
2 0ranged from about 142 W/m 'K for the thin-walled pipe to about 77 W/m
for a thicker-walled pipe. This is almost a two-fold change. It is
therefore recommended that the wall thickness of the pipe should be
accurately checked before designing the heat exchanger coil. If the
pipe has a wall thickness of 3 mm, a Uvalue of about 50 W/m^*K could
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be expected. If the wall thickness is 1.7 mm, the U value can be
2
assumed to be about 100 W/m 'K. For wall thicknesses in between these,
a linear relationship can be assumed.
The last consideration is the specific gravity of the polyethylene
pipe. Abdalla (1972) found that, when the specific gravity was low
(0.92), the thermal conductivity was also low. With low specific
gravity material, the overall heat transfer coefficient ranged from 130
2 2
W/m -K, for a wall thickness of 1.4 mm, to 110 W/m -K for a wall thick
ness of 1.65 mm. These values were similar to those found in this test
with pipes of higher specific gravity, but the wall thicknesses were
different. The thinner wall counteracts the specific gravity effects.
If it were always true that lower specific gravity pipes have thinner
wall thicknesses, then a change in specific gravity would not affect
design considerations. But, when a pipe's wall thickness is measured,
it is not known if the polyethylene has a high or low specific gravity.
From this study, there is not enough information available to make
definite design recommendations that will satisfy all situations. The
temperatures that will be used can be accounted for in a design, but the
^^ickness and specific gravity of pipe cannot be accurately deter
mined before the pipe is ordered, and, even after it is received, these
properties are difficult to measure to the required degree of accuracy.
From this study, a design value of 50 W/m^*K is recommended. It is
very probable that this value results in a safety factor of 2. If,
however, a pipe is obtained that has a large wall thickness (3 nan) and
low specific gravity (0.92), a proper design value may be only 25 W/m^*K.
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Surface Coefficients
— 2The surface heat transfer coefficeint, h^, varied from 167 W/m 'K,
2
with no mixing, to about 3500 W/m with a Reynolds number of 23,000
in digesting beef manure. For natural convection in water, the surface
heat transfer coefficient is calculated to be about 600 W/m 'K. So,
the heat transfer rate in a manure slurry is about 1/3 of that for water.
Figures 7-3 and 7-4 show h^ plotted versus rpm and Reynolds number.
For the high rpm values and Reynolds numbers, there is a very large
scatter of data points. If the computation procedure from the previous
chapter is studied, it is observed that finding h^ Involved obtaining
differences between two large values of nearly equal size. Two sets of
heat transfer data were gathered in the early stages of the experiment.
2
In one set, the U value for no mixing was 143 W/m 'K, and in the other,
2
the value was 150 W/m 'K. Appendix C shows the difference between the
values of HI and H2. HI used 143 W/m^-K and H2 used 150 W/m '^K as a base
for the calculations. Much difficulty was encountered in calculating the
^c values that are shown in Appendix C, so another method was
tried. In the computational procedure section, a check was made to see
if it was feasible to calculate the resistance of the pipe and find the
outside surface coefficient by subtracting the resistances of the pipe
and inside surface from the total resistance. Unfortunately, it was
found that by changing the wall thickness of the pipe only by 10%, the
he value would be changed by 75% or more in most cases. Figures 7-3 and
7-4 can be used as a guide for surface heat transfer coefficients in
digesting beef manure. The low mixing rate values are more reliable,
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due to the fact chat the surface coefficient is a much larger proportion
of the total resistance to flow.
Figure 7-5 shows the graph of Nusselt number versus Reynolds number.
The Nusselt number's characteristic dimension is the outside diameter of
the pipe and the Reynolds number is based upon the mixer dimensions.
Although there is a considerable amoxint of scatter, there is a very
definite trend. This is a completely dimensionless graph, but it is not
certain if the same graph will hold for different sizes of pipe, since
there are two different characteristic dimensions. The equation of the
line drawn in this graph is:
iC = 1.95 N
Nu Re
Mixing Power
3
Instantaneous mixing power ranged from 9.6 W/m , with a Reynolds
3
number of 890, to 420 W/m with a Reynolds number of 28,000. Figures 7-6
to 7-8 show three ways of expressing mixing power and mixing rate rela
tionships.
Figure 7-6 shows the plot of watts per cubic meter versus rpm.
This figure shows that, as rpm increases, the power requirement goes up.
It can also be noted that the manure has a higher power requirement than
water for the same rpm,
A dimensional analysis of the mixing system can be performed. Then
if the model and prototype are assumed to be geometrically similar,
matching of Reynolds, Froude, and the power number is necessary to model
the situation properly. Nagata et al. (1975) said that the Froude number
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becomes insignificant in modelling the mixing, but Rushton, 1944, as cited
in Nagata et al. (1975) said that it is very important. Froude number is
the ratio of inertia to gravity forces and is important when a fluid
changes shape on a free surface. Example situations where the Froude
number is usually used are determination of the power for ships and
characterization of stream flow. The digester's fluid surface was being
disturbed during mixing; consequently the Froude number might have had
an effect.
Figure 7—7 is the plot of watts per cubic meter versus Reynolds
number. This graph shows that using only Reynolds number to determine
mixing power for different fluids is not satisfactory.
On a plot of power number, N^, versus Reynolds number, a completely
dimensionless graph, different fluids should overlay each other if
Reynolds number is the only factor affecting the power number. As Figure
7-8 shows, graphs of the water data and manure data have similar shapes
but are shifted from each other by a factor of about 10. Calderbank and
Moo-Young (1959) developed a continuous power number curve for several
different fluids in a paddle-mixing tank. Nagata et al. (1975) also
developed smooth curves for paddle and turbine-type agitators. Nagata
et al. cited Rushton for developing a set of curves (Np versus N^^^) for
different viscosities and said that the Froude number must be accounted for.
Nagata et al, (1975) stated that to accurately measure the mixing power
working torque should be about 100 timesas great as the friction torque,
torque is to be ignored. In this study, the maximum ratio
of observed torque to friction torque was about 2.4:1, a value which
tends to reduce the accuracy of the power measurements, although the
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friction torque was subtracted from the observed torque to obtain a
working torque. Examination of the water data in Figure 7-8, shows
that the three lowest Reynolds numbers are the ones that are in greatest
disagreement when correlation of the manure and water data on one curve
is attempted. For example, the data point with a power number of 36.6
3had a specific power value of 6.5 W/m at 3.1 W input power. To reduce
the power number to 5, the input power would have to be 0.4 W or 0.88
3
W/m . To reduce the mixing power to his level, the friction torque
would have to be increased from 8.78 N*ra to 10.7 N*m; this is an 18%
change.
Figure 7-9 shows a graph of power number versus Re3molds number for
a theoretical situation. It is assumed the power number is constant at
5 for this situation. The friction torque is assumed to be 85% of the
observed torque and there is an assumed 22% error in measuring the fric
tion torque to determine the error curve. These two curves help visual
ize the kind of error needed to explain the shape of the curves in
Figure 7-8.
The friction torque and water torque values used to determine the
water curve in Figure 7-8 were determined on the same day so they are
very reasonable and consistent. The torque value of 8.78 N-m used to
determine the power number was an average of all friction torque values;
the friction values at the low speeds were actually a small amount
higher than the torques at higher speeds. The highest friction torque
measured was 9.39 N'm. Using this higher value would require a 12%
change in its value to reduce the power number to 5.
50-
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-ERROR CURVE
THEORETICAL
CURVE
IfOO zpoo ^poo HfiOO €pOO epoo iqooo
'^ Re »
Figure 7-9. Power number versus Reynolds number simulation
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If errors were made in determining the dimensions of the spring
rate, these errors can be assumed to cause the torque meter to read
high. If the torque meter read low, the N versus N curve would have
p Re
a greater slope. Then very nearly the same error would also exist when
the friction torque was determined; therefore, the working torque would
be relatively free from error. To determine what this error is would be
very difficult or next to impossible. The amount of error that is
necessary to bring these curves into agreement with Calderbank*s curve
seems unlikely but possible.
Even though the slope of the water curve in Figure 7-8 is higher
than expected, it does not seem that the tail of the water curve would
drop down enough to lay on the manure curve. When the power number is
plotted against the Froude number (Figure 7—10), a much better agreement
between water and manure is found, although it is recognized that the
Reynolds number does have effects on the power, as is evidenced by a
small up and down shift of these two curves. Even in the slow speeds
of the water test, the surface was disturbed and this would cause a
higher power requirement and power number, resulting in a slope similar
to that shown in Figure 7-8. It is suggested that the Froude number
actually becomes very important when mixing fluids of about 2.0 Pa-s
viscosity in digesters of configurations similar to the one used in this
study.
When Reynolds numbers are over 1000, Calderbank and Moo-Young
(1959) and Nagata et al. (1974) found power numbers to be approximately
constant. Calderbank and Moo-Young found that, with a tank of relatively
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similar geometry but smaller than the one used in this study, the power
number was about constant at 1.5 in the turbulent region. In this study^
the lowest value for the manure data is about 5, and 4 for the water data.
To lower this study's values to 1.5 would require increasing the friction
torque a great deal. This type of adjustment would cause the power
numbers to drop below zero for the lower Reynolds numbers. If the fric
tion torque were increased to level the power numbers, the effect on the
minimum power number would be small. So, again there seems to be another
factor besides Reynolds number that affects power number.
Operating Conditions
Figure 7-11 shows gas production plotted against time. The numbers
of the scale are Julian dates. The graph shows the gas production in
creasing as the digester was being started. On day 47 (February 16),
there was a small drop due to freezing problems. Gas production then
started to rise again, but on day 69 (March 10), there were freezing
problems and the gas production dropped greatly. About day 97 (April
7), the gas production started to rise. After this time, the gas pro
duction did fluctuate but it averaged about 570 L/day. This is a
3 3specific gas production rate of 1.2 m /m 'day; slightly less than the
values Hein etal. (1977) found in Phase III of his investigation (1.83 and
1.56). The reduced specific gas production rate was caused by several
gas leaks that occurred over a period of several days. There were also
some small upsets.
Total solids in the digester over the course of the experiment
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Increased a great deal at the beginning and then leveled off and in
creased very slightly during the rest of the experiment (Figure 7-11).
Total solids averaged about 44,000 mg/L during the test. The rheological
consistency index, K, had a definite upward trend during the course of
the experiment (Figure 7—12). This was due to an increase of the
biological products in the digester and a small increase in total solids,
but mostly due to an increase of biological products. The rheological
behavior index, n, decreased during the experiment (Figure 7-13). It
decreased for much the same reasons as the consistency index increased.
A dip in the K curve and a rise in the n curve during the period in
March when the digester was upset tends to indicate that biological
products had a much greater influence on the rheological characteristics,
since the solids content remained essentially constant over that period.
The method used during the experiment to sample the influent did
not obtain an accurate sample. In October of 1979, the sampling proce
dure was changed so that the influent tank was being completely mixed
with a propeller mixer when the sample was taken. Seven consecutive
days of data showed a 36% reduction of COD content. The loading rate was
4.8 g VS/L-day. The average influent had 48,950 mg/L and the average
effluent had 31,300 mg/L COD content. Hein (1977) found 45.3% COD
reduction with a loading rate of 4.5 g VS/L*day and 32.8% reduction
when loaded at 6.4 g VS L'day. Hein reports sampling analytical prob
lems, therefore these differences are well within experimental error.
The mixer was timed to run 5 min every half hour. The speed was
51 rpm. The Reynolds number was then in the range of 575 to 1100,
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depending upon the viscosity of the slurry. The mixing power was about
3
50 to 58 W and the average specific power was 17 to 20 W/m . Hein et al»
3
(1977) found an average specific mixing power of 66 W/m , Hein had a
propeller mixer rather than a paddle mixer and his digester was 17%
smaller. He examined the literature and concluded that as digester size
increases, specific mixing power decreases. Neither this study nor
Hein's can claim that the lowest possible mixing energy was attained,
but, due to the large difference between these results and Hein*s, it
appears that a paddle mixer may take less energy.
After all of the data were taken, the mixer shaft broke. The
digester continued to operate at the normal loading rate for about a
month without mixing. When the digester was emptied for repair of the
mixing shaft, the internal parts of the digester were visually examined.
The scum layer had built up to about a 0.3 m thickness. The scum was
relatively dry but was still allowing gas to go through. There was
also an accumulation of 0.3 m of solids on the bottom. These solids were
relatively loose and were easily removed. No encrustation or caking was
observed on the coils, nor did there appear to be any abrasive wear of
the coils.
Conclusions
The conclusions can be summarized in the following points:
1) The overall heat transfer coefficient for thin walled poly-
ethylene pipe in digesting beef manure will be about 100 W/m 'K.
2) The overall heat transfer coefficient can be Increased to over
200 W/m^*K by mixing.
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3) The surface heat transfer coefficient, h^, can be increased from
!? 2
about 170 W/m -K with no mixing, to 3000 W/m *K with a Reynolds number
of 23,000.
4) The outside surface coefficient becomes insignificant in deter
mining the total resistance to heat flow when using polyethylene pipe
(i.e. low thermal conductivity) during good mixing conditions.
5) Froude number may be very important in determining mixing
power Inputs.
6) It is very questionable if small scale studies of mixing tanks
can be used to scale up to large tanks.
7) Biological products of methane production have a very dramatic
effect on the rheological characteristics of the beef manure slurry.
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CHAPTER 8. RECOMMENDATIONS FOR FUTURE STUDY
This study was a beginning step in determining and estimating mixing
energies and heat transfer coefficients in anaerobic digesters for
manures. It appears that this study has raised more questions that it
has answered, but it is believed that it is a start in accurately
evaluating mixing energies and heat transfer coefficients.
It is believed that digester design for agricultural applications
will require dissemination of reliable data on selected physical
aspects such as mixing and heat exchange. The work performed in this
study should be expanded in the following areas:
1. Construct a range of geometrically similar anaerobic digesters
to determine the effect of Froude number on mixing energy. Particular
attention must be paid to the mixer dynamometer,
2. Develop a rapid method of determining solids concentrations at
different positions in the tank to determine the degree of mixing.
3. Perform long term mixing tests on full scale digester to deter
mine minimum mixing energy requirements for heat transfer vs. prevention
of sludge formation.
4. Determine the effects of wall thickness and specific gravity
of polyethylene and other polymeric pipes for use as heat transfer
elements in anaerobic digesters.
5. Determine the life of polymeric pipes in anaerobic digesters.
6. Test alternative heat exchanger geometries to determine if the
surface convectlve heat transfer coefficients are capable of being
Improved.
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7. Develop equipment for determination of manure rheological
characteristics at any shear rate likely to be found in a digester.
8. Determine the effect of manure rheological characteristics on
overall heat transfer characteristics.
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APPENDIX A:
RELATIONSHIPS BETWEEN TORQUE. ANGULAR VELOCITY, SHEAR STRESS,
AND STRAIN RATE FOR A GENERAL TIME INDEPENDENT LIQUID IN A
CUP AND BOB VISCOMETER
The relationships presented in this appendix refer to some length,
L, of an infinitely long cup and bob viscometer in which the annulus is
completely full of fluid. The analytical development considers that the
liquid in the annulus is in a laminar flow regime. Consider a section
of the unit taken perpendicular to the axis of rotation (Figure A-1).
Figure A-I. Cup and bob analysis diagram
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where
L « length of some part of the infinite cup and bob
r^ « radiim of the bob
= radius of the cup
6^ = thickness of an elemental annulus of fluid
= shear stress at the surface of the bob
Tj = shear stress at the surface of the cup
T = shear stress at some general radius
= angular velocity of bob
0)2 = angular velocity of cup
(1) « angular velocity of fluid at the inner surface of some general
elemental annulus
UJ + 6tD ® angular velocity of fluid at the outer surface of some
general elemental annulus
T » overall torque applied to both the cup and bob to sustain
steady state rotation
First examine the elemental annulus to determine the strain rate of
fluid in the annulus. Now "y", by definition, is the rate of angular
motion of a line instantaneously normal to two parallel layers of fluid
moving at v + 6v.
fix
V
v + 6v
If a small segment of radius 6R in the elemental annulus is
examined, it will be observed that the segment has two angular velocity
99
components "V and to. The first component is the strain rate due to the
angular velocity gradient and the second is due to overall rotation at
U). Consequently it can be vnritten:
. (o) + 6w) (r + 6r)-ajr
y = <0
Ignoring second order terms because 6r is small yields;
t
or in the limit:
' dr
Next examine the torque on the inside surface of the elemental annulus
of fluid. The torque is the same at the bob, at the elemental annulus
and at the cup so:
T » 27rtLTr
X 1
Differentiation shows:
and dividing by the original expression for t and R yields:
1 dT dr
"2t " r
It may also be noted that a general time independent fluid can be ex
pressed as:
t = f(T)
Combining expressions for y and ^ gives
r
100
f(T) =du/(-i^)
or doi
So Integrating over the whole annulus of fluid
- -i
2 Ti ^
This Is a general expression that places no restrictions on the fluid
except that of time independence.
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APPENDIX B:
SPRING RATE CALIBRATION
Table B-1. Spring calibration
Spring extension, mm Force, N Spring rate, N/mm
4.60 4.9 1.065
17.07 14.7 0.786
25,80 18.2 0.401
37.0 22.6 0.393
49,2 27.5 0.402
60.0 31.9 0.407
65.7 34.1 0.386
From the data in Table B-1 it can be seen that the spring was very
non-linear for about the first 17 mm of extension, but from 17 to 66 mm
the spring was very linear as the spring rate was nearly constant.
After the spring was stretched past 17 mm the spring rate from one
length to the next was nearly constant at 0.397 N/mm. The Initial non-
linearity was corrected using a theoretical non-stretched spring length
shorter than it actually was. The constant spring rate of 0.397 N/
um was then used as the spring was stretched beyond 17 mm.
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APPENDIX C:
CALCULATED MIXER AND HEAT TRANSFER DATA
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Table C-2. Preliminary water heat transfer tests
Test # 0
rps
U
W/m^-K ?®2pod
U
1 0 150 0
1 0.A83 200 70,200
1 0.865 211 125,000
1 1.063 196 154,000
1 1,200 206 174,000
1 1,630 207 237,000
2 0 143 0
2 0.620 192 90,000
2 0 863 200 125,300
2 1.095 199 159,000
2 1,282 201 186,000
2 1.657 207 240,000
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APPENDIX D;
MIXING POWER CALIBRATION DATA
Table D-1. Mixer no-load torque calibration
Speed
setting Angle Torque Power
degrees N*m W
22 104.5 9.39 14.3
24 105.0 9.03 24.5
26 105.25 8.84 32.1
30 105.5 8.63 44.8
34 105.5 8.63 58.0
40 105.5 8.63 77.5
44 105.25 8.83 91.7
42 105.5 8.63 82.8
38 105.75 8.45 69.4
32 105.75 8.45 69.4
32 105.5 8.63 51.2
28 105.5 8.63 38.2
24 105.25 8.82 24.8
21 105.0 9.04 15.3
Average 105.3 8.78
The angle of the motor when it is at rest is 118®.
112
Table D-2. Calculated mixer data for water
Speed
setting Speed, 6
rps
Power, P
W
\e
p0d^
M
N
P
P
.3 5
pe d
22 0.253 1.7 33.200 11.5
24 0.420 2,7 53,000 4.6
28 0.687 9.5 86,700 3.6
32 0.905 20.7 114,000 3.5
36 1.117 43.6 141,000 3.9
40 1.380 79.2 174,000 3.8
44 1.575 123.3 199,000 3.9
42 1.482 102,6 187,000 3.9
38 1,265 65.4 160,000 4.0
34 1.020 36.0 129,000 4,3
30 0.793 19.2 100,100 4.8
26 0.543 8.9 68,600 6,9
23 0.355 4.9 44,700 13.8
21 0.218 3.1 27,500 36.6
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APPENDIX E:
RHEOLOGICAL CONSTANTS
Table E-1. Rheologlcal data
- Rheological Rheologlcal Shear rate
behavior consistency • Viscosity
Date index, n index, K Y y
Pa*s ^ 1/s Pa's
2-21-79 0.566
2-28-79 0.535
3-5-79 0.520
3-7-79 0.555
3-14-79 0.609
3-21-79 0.688
0.0255
0.0387
0.0420
0.0357
0.0232
0.0192
2.2 0.0180
4.5 0.0133
11,2 0.0089
22.3 0.0066
2.4 0.0260
4.7 0.0188
11.8 0.0123
23,6 0.0089
2.4 0.0274
4.9 0.0197
12.1 0.0127
24.2 0.0091
2.3 0.0248
4.5 0.0182
11.4 0.0121
22.7 0,0089
2.1 0.0175
4.2 0.0133
10.4 0.0093
20.8 0.0071
1.8 0.0158
3.7 0.0127
9.3 0.0096
18.5 0.0077
Table E-1 (cont.)
Date
Rheologlcal
behavior
index, n
114
Rheologlcal
consistency
index, K
Pa-s "
Shear rate
1/s
Viscosity
U
Pa's
3-28-79 0.578 0.0254 2.2 0.0182
4.4 0.0136
10.9 0.0092
21.9 0.0069
4-4-79 0.699 0.0186 1.8 0.0155
3.6 0.0126
9.1 0.0096
18.2 0.0078
4-10-79 0.543 0.0275 2.3 0.0187
4.7 0,0136
11.6 0.0090
23.2 0.0065
4-13-79 0.458 0.0379 2.7 0.0219
5.5 0.0150
13.7 0.0092
27.5 0.0063
4-17-79 0.595 0.0235 2.1 0.0173
4.3 0.0131
10.6 0.0090
21.3 0.0068
4-20-79 0.507 0,0320 2.5 0.0204
5.0 0.0145
12.4 0.0092
24.9 0.0065
4-24-79 0.620 0.0221 2.0 0.0169
4.1 0.0130
10.2 0.0091
20.4 0.0070
4-27-79 0.560 0.0291 2.3 0.0204
4.5 0.0150
11.3 0,0100
22.5 0.0074
Table E-1 (cont.)
Date
5-1-79
5-3-79
5-9-79
5-11-79
5-15-79
5-18-79
5-24-79
6-1-79
Rheological
behavior
index, n
0.534
0.577
0.436
0.562
0.570
0.481
0.473
0.469
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Rheological
consistency
index, K
Pa-s ^
0.0348
0.0353
0.0663
0.0437
0.0425
0.0555
0.0561
0.0714
Shear rate
t
l/s
Viscosity
Pa^s
2.4 0.0233
4.7 0.0169
11.8 0.0110
23.6 0.0080
2.2 0.0254
4.4 0.0189
10.9 0.0129
21.9 0.0096
2.9 0.0365
5.8 0.0247
14.4 0.0147
28.9 0.0099
2.2 0.0306
4.5 0.0226
11.2 0.0151
22.5 0.0112
2.2 0.0302
4.4 0.0224
11.1 0.0151
22.2 0.0112
2.6 0.0337
5.2 0.0235
13.1 0.0146
26.2 0.0102
2.7 0.0335
5.3 0.0232
13.3 0.0143
26.6 0.0099
2,7 0.0423
5.4 0.0293
13.4 0.0180
26.8 0.0125
Table E-1 (cont.)
Date
6-13-79
Rheological
behavior
index, n
0.454
116
Rheological
consistency
index, K
Pa's ^
0.0672
Shear rate
Y
1/s
2.8
5.5
13.9
27.7
Viscosity
U
Pa's
0.0385
0.0264
0.0160
0.0109
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APPENDIX F;
OPERATING CHARACTERISTICS
Table F-1. Influent characteristics
Date COD
mg/L
KjN NH, O-PO, T-PO,
mg/L mg/L mg/L mg/L
pH alkalinity
mg/L CaCO^
2-5-79 33,748 1363 284 64.2 328 6.99 2808
2-12-79 30,642 1262 118 71.6 208 6.71 1969
2-19-79 32,815 886 207 107.6 244 6.41 2224
2-26-79 30,030 1135 416 116 332 6.35 2273
3-5-79 24,781 972 246 33.1 232 9.09 3948
3-12-79 20,316 872 301 7.8 185 9.38 3271
3-19-79 21,137 893 322 125.6 35.4 6.12 1616
3-26-79 21,920 1242 237 23.2 202 11.11 5603
4-2-79 26,944 746 108 10.9 243 12.19 7186
4-9-79 25,814 178 104.6 318 6.50 3385
4-16-79 24,316 1253 104 87.2 367 6.53 1988
4-23-79 20,215 1190 74.7 678 6.91 1841
4-30-79 23,959 212. 7 7.54 4605
5-7-79 29,526 790 167. 2 6.89 5018
5-14-79 31,075 987 89.4 6.10 2392
5-21-79 28,993 812
•
o
1—1
5 6.65
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Conduc
tivity
Total
solids
Volatile
solids
Fixed
solids
Total
sus
pended
solids
Volatile
sus
pended
solids
Fixed
sus
pended
solids
W/m^-K rag/L mg/L mg/L mg/L mg/L mg/L
3800 36,480 33,315 3165 29,855 28,500 1355
2500 34,150 31,360 2520 28,815 27,785 1030
3200 34,710 31,295 3425 26,870 25,875 995
2900 32,810 29,580 3230 25,570 24,780 490
3750 30,255 25,995 4260 22,880 21,310 1570
2980 26,615 23,070 3545 20,090 19,410 680
3250 28,985 24,265 2720 21,395 20,580 815
3850 31,380 26,265 5565 22,675 20,680 1815
7200 52,685 44,800 7885 38,905 36,520 2385
3300 34,610 30,455 4155 27,000 25,445 1555
2000 32,560 29,240 3320 26,695 25,585 1110
1700 30,790 27,945 2845 26,180 25,085 1185
4850
4450
2800 40,975 37,540 3435 5,445 3,275 2170
2500 47,310 43,500 3810 5,435 3,200 2235
Table F-2. Effluent characteristics
Date COD KjN NH,
4
O-PO,
4
T-PO,
4
alkalinity
mg/L mg/L mg/L mg/L mg/L PH mg/L CaCO^
2-5-79 23,781 1480 340 1.2 273 7.09 2865
2-12-79 22,353 730 346 5.9 258 6.23 3056
2-19-79 24,244 754 234 20.7 236 7.09 2797
2-26-79 26,273 970 307 55.8 251 6.79 3516
3-5-79 32,638 905 348 58.8 261 7.11 4376
3-12-79 28,435 812 1161 110.9 281.5 5.60 3832
3-19-79 33,442 1172 482 113.3 47 5.21 4112
3-26-79 32,391 1335 485 122 300 5.48 4549
4-2-79 32,222 1250 550 44,4 272 6.46 5165
4-9-79 27,744 1441 350 16.4 270 8.08 5753
4-16-79 30,255 1316 389 66.6 312 6.89 5239
4-23-79 31,934 1754 83.9 349 7.03 4785
4-30-79 30.106 1019 293 6.99 4720
5-7-79 31,899 1147 299 7.12 5549
5-14-79 25,024 1242 287 7.32
5-21-79 29,913 1153 319 7.80 4661
5-30-79 39,289
6-4-79 39,529
6-11-79 27,305
6-18-79 43,516 2294
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Conduc
tivity
Total
solids
Volatile
solids
Fixed
solids
Total
sus
pended
solids
Volatile
sus
pended
solids
Fixed
sus
pended
solids
mg/L mg/L mg/L mg/L mg/L mg/L
2700 23,670 17,275 6395 22,155 16,400 5755
3100 26,100 21,130 4770 23,380 19,835 3545
2300 29,850 26,075 3775 26,505 23,920 2585
3400 35,400 31,290 4110 29,090 27,310 1780
4200 37,440 32,555 4885 29,645 27,870 1775
3700 41,885 37,650 4235 36,100 34,145 1955
4850 39,345 34,965 4380 30,375 29,360 1015
3600 38,125 33,895 4230 30,265 29,445 820
4700 50,520 44,810 5710 41,900 39,655 2245
4700 38,620 33,200 5420 29,345 27,445 1900
4000 38,485 32,590 5895 29,550 27,230 2320
3600 46,675 41,120 5555 38,480 36,215 2265
4700
4700
-
4800 53,315 46,105 7210 4,585 2,125 2460
466 34,935 29,775 5160 5,495 2,580 2915
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Table F-3. Manure solids content
Total Total
Total volatile fixed
Date solids solids solids
% % %
2-1-79 23.8 22.0 1.8
2-12-79 29.1 28.0 1.1
2-19-79 22.8 22.0 0.8
2-26-79 22.8 20.7 2,1
3-5-79 29.1 27.2 1.9
3-12-79 28.0 26.9 2.0
3-19-79 33.7 31.2 2,5
3-26-79 25.9 23.8 2.1
4-3-79 22.6 20,3 2.3
4-9-79 25.1 22.3 2.8
4-23-79 27.2 19.9 7.3
5-21-79 22.7 21.1 1.6
5-28-79 27.8 25.1 2.7
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Table F-4. COD comparison after influent sampling method was
improved
Date Influent COD
mg/L
Effluent COD
mg/L
Percent
Reduction
10-22-79 45,825 36,580 20
10-23-79 51,044 35,636 30
10-24-79 50,499 29,412 42
10-25-79 52,079 30,743 41
10-26-79 50,792 26,287 48
10-29-79 47,260 30,626 35
10-30-79 45,205 29,745 34
averages 48,950 31,290 36
IIU
Table F-5, Average gas production data
Dates Gas production
L/day
Feb. 8-9, 1979 112
Feb. 12 - 16, 1979 308
Feb. 19 - 23, 1979 256
Feb. 26 - March 2, 1979 252
March 5-9, 1979 523
March 12-16, 1979 109
March 19 - 23. 1979 80
March 26-20, 1979 45
April 2-6, 1979 86
April 9-13, 1979 602
April 16-20, 1979 555
April 23-27. 1979 462
April 30 - May 4, 1979 414
May 7 - 11, 1979 657
May 14 - 18, 1979 654
May 21 - 25, 1979 695
May 28 - June 1, 1979 527
June 4-8, 1979 527
June 11-14, 1979 625
